Introduction
MicroRNAs (miRNAs) are a class of conserved small non-coding RNAs, ranging from 21 to 23 nucleotides in length that post-transcriptionally regulate gene expression. Once bound to an argonaute protein family member (AGO), miRNAs serve as a guide for the core silencing complex, known as miRNA-induced silencing complex (miRISC), to bind complementary sequences typically found in the 3 0 UTR of mRNAs. In animals, the vast majority of miRNA targets are recognized through partial base-pairing [1] leading to translational repression and/or mRNA decay [2, 3] . When extensive pairing occurs, some AGO proteins that possess an endonuclease (or slicing) activity can cleave the mRNA [4, 5] . While only a few miRNA targets regulated through slicing have been identified in animals, this mode of regulation is commonly used in plants [1, 6] .
Over the last two decades, miRNAs have been associated to an increasing number of developmental and pathological processes [7, 8] . It has been estimated that over 60% of human protein-coding genes have maintained, through selective pressure, pairing to miRNA sequences [9] . This led to two fundamental questions: (a) which genes are silenced by miRNAs in vivo? and; (b) to what extent misregulation of miRNA-mediated silencing can lead to a cellular defect? To tackle these questions, tools have been developed to map miRNAtarget interactions, measure their effective silencing and monitor their biological outcome in cell lines and animal models. In this review, we provide a method-based guideline to decipher the functions of miRNAmediated gene silencing and a workflow to validate miRNA targets. As a reference, methods that are discussed and their biological considerations are summarized in Table 1 .
Determinants of miRNA-mediated gene silencing
MiRNAs preferentially bind their target mRNAs with perfect Watson-Crick pairing between nucleotides 2-7 from the 5 0 end of the miRNA referred to as the seed region. While extended pairing to the nucleotide 8 of the target site and/or the presence of an A at position 1 is greatly beneficial to silencing efficacy, a subset of functional sites also has an imperfect seed match with more extensive 3 0 pairing [1] . This rule for miRNAmediated gene silencing is simple a priori, but several local and global determinants modulate target binding and silencing efficacy. They can either be beneficial or detrimental to silencing and may explain why several canonical sites found in the 3 0 UTR of mRNAs are not functional in vivo [10] or may vary between specific biological contexts (for example [11] [12] [13] ). Notably, it was shown that the seed-distal 3 0 pairing is an important factor to discriminate between miRNAs sharing the same seed sequence (miRNA-family members) [14, 15] . This specificity has been observed through high-throughput sequencing of AGO purified RNAs (CLIP-seq, see below) and further demonstrated with single cell miRNA reporter genes [14] and gene editing approaches [15, 16] . Interestingly, Brancati and Grosshans found that the extent of specificity between let-7 family members in the nematode Caenorhabditis elegans depends on seed-match quality, extensive 3 0 pairing and miRNA abundance. They also show that the specificity can be overcome when another member of the same family is ectopically overexpressed, unless there is an imperfection in the seed pairing to its target [16] . Based on these observations, when investigating the contribution of miRNAs on gene expression, cellular context and determinants of miRNA silencing need to be considered because they fine-tune miRNA-target interactions and their functional outcome. Specifically, overexpression strategies often bypass these regulatory mechanisms and force interactions that would not otherwise exist in the endogenous context.
Among determinants studied to date (see Fig. 1 ), miRNAs with higher abundance of targeted transcripts are less effective at repression because of a dilution effect [17, 18] . Accordingly, a change in miRNA expression level will globally have a greater effect on miRNA-mediated gene silencing for miRNAs with lower target abundance.
Second, multiple miRNA sites in a 3 0 UTR act additively to target repression (for example [19, 20] ). When they are sufficiently close together (between 8 and 40 nucleotides), they can act cooperatively and repress a target to a greater extent than their individual contribution [19, [21] [22] [23] [24] . In some cases, it was also observed that overlapping sites, or the ones that are too close, can act competitively for the repression of a target sequence [19] . One of the first examples of an antagonistic relationship between miRNA sites was reported for overlapping miR-184 and miR-205 binding sites on [19, 20] . Conversely, the presence of secondary ribonucleic acid (RNA) structures on a target can impair the miRISC association to the mRNA (for example [26] [27] [28] [29] ). Likewise, 3 0 UTR isoforms generated by alternative cleavage and polyadenylation (APA) may result in the omission of specific sites in the variable regions [11, 30, 31] . Consequently, some targets may not be responsive to miRNAs in a cell type or biological context. Last, there is an increasing body of evidence that miRNAs and their respective targets are regulated by various RNA-binding proteins (RBP) that affect miRNA biogenesis and repression efficacy [32] . There are several instances where RBPs can antagonize or potentiate the action of the miRISC by their proximal binding to mRNAs (for example [12, [33] [34] [35] [36] [37] ). For instance, HuR, an AU-rich elements (ARE)-binding protein, is relocated from the nucleus to the cytoplasm upon amino acid starvation and leads to a relief of miRNA-mediated silencing on CAT-1 mRNA [33] . It was also shown that a HuR-binding site on p53 mRNA, adjacent to a miR-125b-binding site, was necessary for the dissociation of the miRISC in cells exposed to ultraviolet radiations [12] . On the other hand, HuR can also regulate miRNA target silencing in an opposite direction by recruiting the miRISC to a let-7 miRNA site on c-Myc 3 0 UTR, leading to its repression [35] . More recently, the RBP FUS have been shown to directly bind specific miRNAs, associate with the AGO protein, mainly in an RNAdependent manner, and promote repression of specific mRNAs which share FUS and miRNA-binding sites [37] . Taken together, the balance and interplay between miRNAs and other determinants present on a mRNA can be directed by the intrinsic nature of a miRNA and its targets or context-specific factors. Those determinants need to be accounted for when studying the function of miRNA-mediated gene silencing.
Identification of miRNA targets
The first step toward understanding the contribution of miRNAs in cell physiology is to identify their putative targets. For this purpose, many tools have been developed to map all mRNAs targeted by miRNAs, also known as miRNA regulatory networks. The first functional miRNA-target interactions were identified through forward genetic screens in Caenorhabditis elegans [38] . Subsequent identification of the miRNA let-7 and its conservation in eukaryotes [39, 40] paved the way to a fast identification of miRNAs genes in various species. Over the years, high-throughput sequencing has been employed to identify more than 24 500 miRNA loci in 206 species, which are indexed in miRbase database (miRbase.org) [41] . However, the authenticity of a large subset of miRNAs has been questioned on the grounds that the pipelines used to identify miRNAs, from different studies, did not share the same criterion and stringency [42] . Therefore, it is suggested to confirm their expression in the chosen biological setting prior to going forward with their characterization.
In silico algorithms can be applied to predict miRNA targets. Algorithms typically use miRNA sequence annotations obtained from databases such as miRbase. Then, miRNA-target interactions are predicted based on seed-pairing and scored according to additional features such as free-energy of binding and site conservation. Web-based tools dedicated to miRNA target prediction have been reviewed thoroughly in the recent years [43, 44] and hence will not be the focus of discussion here. Notably, it has been suggested using tools that consider cross-species site conservation; such as TargetScan [45, 46] , PicTar [47] or Diana-microT [48] , which are characterized by high sensitivity and precision [43] . The conservation level is also considered by MiRanda [49, 50] through its PhastCons scoring method [51] , which calculates the conservation of nucleotide blocks across multiple vertebrates. Interestingly, the miRBooking algorithm which simulates miRNA-target hybridization and account for the stoichiometry of all miRNAs and mRNAs expressed in a cell improves miRNA target predictions [52] , and further reflect the importance of this determinant for miRNA-mediated silencing. Overall, different algorithms offer trade-offs between sensitivity and precision based on their particular design.
In addition to computational approaches, various immunoprecipitation methods have been applied to identify mRNAs associated with the miRISC. These methods all have in common an immunoprecipitation step of an AGO family member to isolate the miRISC and determine the enrichment of target mRNAs through microarray analysis or high throughput sequencing. The first methods applied consisted in the immunoprecipitation of AGO followed by quantification of associated transcripts [53] [54] [55] [56] . A limit of this method is that it cannot attribute specificity to a miRNA site for the observed interaction in the RNA pool. To overcome this problem, overexpression of specific miRNAs (miRNA mimics; see below) have been used, followed by immunoprecipitation of AGO to enrich their respective target mRNAs. Since target sites compete against a limited number of miRNAs [17] , disruption of the stoichiometry caused by an overexpression of a specific miRNA may result in interactions that are not biologically relevant. Downstream validation of targets identified through either prediction or overexpression strategies is therefore required.
In order to narrow down the region of mRNAs bound by miRNAs and to allow a stringent purification of AGO-bound RNAs, methods using crosslinking followed by immunoprecipitation of AGO and high-throughput sequencing (AGO-CLIP or AGO HITS-CLIP) have been developed [57, 58] . These methods use ultraviolet irradiation to covalently bind RNA to the miRISC. Target RNA segments protected by AGO can then be isolated and identified through high-throughput sequencing. To facilitate the crosslinking and the identification of miRNA sites, photoactivatable-ribonucleosideenhanced crosslinking and immunoprecipitation (PAR-CLIP) have also been used [59] . In this method, they use incorporation of 4-thiouridine (4SU) into new transcripts before the crosslinking step. This method gives a greater resolution of the miRNA-binding site which is revealed by a high frequency of thymidine to cytidine transitions. Moreover, for the past few years, CLIP and PAR-CLIP methods have been further modified to capture the miRNAs bound to their respective targets (crosslinking, ligation, and sequencing of hybrids [60] , covalent ligation of endogenous Argonaute-bound RNAs-CLIP [14] and in vivo PAR-CLIP (iPAR-CLIP) [61] ). These methods derived from argonaute cross-linking and immunoprecipitation (AGO-CLIP) use an extra step to covalently ligate the miRNA and the target RNA. Subsequent cloning and sequencing of RNAs isolated generate short chimeric miRNA-target reads (~40 nucleotides) which facilitates the identification of specific miRNA-target interactions. It was later reported that individualnucleotide resolution crosslinking immunoprecipitation (iCLIP) of AGO in C. elegans could recover chimera sequences without the ligation step with similar or better efficiency than dedicated protocols previously used [15] . The exact mechanism by which chimeras are generated during iCLIP is still undetermined and the efficiency of chimera recovery using iCLIP in other species has yet to be assessed. Overall, these methods led to the discovery of a large set of miRNA-mRNA interactions in various species and showed that interactions frequently involved pairing to nucleotides beyond the seed sequence of the miRNA [14, 15, 60, 61] . As of today, only a handful of AGO interaction maps have been generated and miRNA-target chimeras are still at a low efficiency (never exceeding 5% of all reads [15] ). Thus, further improvement of these methods will contribute to our understanding of miRNA targeting specificity in vivo. Furthermore, gene expression varies between tissues, developmental stages, cell-lines and exposure to environmental stresses and hence, the interaction maps are expected to be specific to the biological setting. As such, AGO-clip data should be used as a reference and further mapping will be required to assess miRNA-target interactions in the tissue of interest and thus helping to filter the best candidates from in silico predictions. Experimentally validated miRNA targets identified with the aforementioned approaches, have been deposited in online databases such as DIANA-TarBase V8 [62] and miRTarBase [63] and can therefore be used to search for experimentally validated interaction between a miRNA and mRNA of interest. Expansion of data generated from CLIP sequencing experiments and downstream experimental validation of miRNA targets will most likely improve our understanding of miRNA targeting rules and specificity in various cell-lines. For example, algorithms can be trained on these datasets and significantly improve their predictive power compared to the most widely used algorithms [64] .
Experimental validation of miRNA targets
The identification of interaction between miRNAs and their target mRNAs through immunoprecipitation of AGO or in silico methods leads to thousands of potentially functional target sites. However, a miRNA ability to bind a mRNA does not necessarily mean that it can exert a regulatory effect on gene expression. Therefore, one of the main challenges is to convincingly demonstrate the functional and biological relevance of these interactions in vivo.
The primary function of miRNAs is to guide the silencing complex to partially complementary sequences on mRNAs and control their expression through translational repression and/or mRNA decay [2, 3] . For this reason, it is expected that when a mRNA is regulated through miRNA-mediated silencing, there will be an inverse correlation between the level of miRNA expression and the target protein product and, in several cases, its respective mRNA transcript. This relationship can be determined through the alteration of miRNA expression level or activity. A prerequisite to this approach is to first confirm their co-expression in the experimental model. We recommend validating their expression using conventional methods such as RT-quantitative PCR, Northern blotting or highthroughput sequencing before proceeding with the following experiments.
Alteration of miRNA expression
Once the co-expression of a miRNA and potential targets has been established, we can assess whether a change in the activity or expression of a miRNA affect the stability or translation of targeted transcripts. To achieve this, an effective approach is to deplete a specific miRNA activity using nuclease resistant oligonucleotides that have perfect base-pairing to the guide miRNA sequence [65] [66] [67] or to the miRNA seed region (tiny locked nucleic acid) [68] . These miRNA target analogs, known as anti-miR or antagomiR, act as a decoy and block the activity of the miRISC associated with the miRNA and thus prevent silencing of its putative targets. Following miRNA inhibition, relief of miRNA-mediated gene silencing leads to a significant increase in protein product that can be determined using western blotting. Global analysis of genes affected by a miRNA activity can be assessed through quantitative proteomic with label-free mass spectrometry analysis [69] or with labeling methods such as isotope-coded affinity tag [70] , isobaric tag for relative and absolute quantification [71] , tandem isobaric mass tag [72] or stable isotope labeling with amino acids in cell culture [73] [74] [75] [76] , combined with mass spectrometry. Because miRNAs can also stimulate mRNA decay, the effect of miRNA inhibition on mRNA levels should also be assessed.
As an alternative to antagomiR approach, overexpression of target constructs containing multiple bulged sites for a miRNA (to avoid target cleavage that lead to the release of the silencing complex), known as miRNA sponges, can be transiently expressed in cells to efficiently knockdown the activity of a miRNA on endogenous targets [77] . MiRNA sponge constructs may have off-target effects if their sequence interacts with multiple miRNAs. For this reason, a dedicated web-tool for miRNA sponge design, miRNAsong, was launched to generate construct sequences and account for possible off-target miRNA inhibition [78] . An important consideration when using antagomiR and miRNA sponges is that they can potentially cross-react with intrafamily miRNAs that share the same seed sequence [79, 80] . In most instances, antagomiR and miRNA sponges will achieve the same goal, but since antagomiR complementary sequence is limited to the length of a single miRNA, their off-target effects should be restricted to intrafamily miRNAs.
To further demonstrate the evidence of a functional regulation through miRNA-mediated silencing, overexpression experiments have also been used. This method consists in transiently expressing a miRNA through its primary or precursor hairpin miRNA sequence or mature miRNA sequence and measure the silencing effect on target genes. The most common approach in cell culture is to transfect synthetic miRNA duplexes known as miRNA mimics, corresponding to the mature miRNA double-stranded RNA (dsRNA). To control the effect of small dsRNA transfection, a scrambled sequence of small RNA duplexes or a nonrelated miRNA sequence, preferably of the same length, should be transfected independently. As for any exogenous dsRNA, miRNA mimic duplexes between 23 and 30 base-paired may induce interferon response in a length-dependent manner in specific cell lines [81] [82] [83] and the lack of 3 0 2 nucleotides overhang, specific to Dicer processed dsRNAs, may induce this response for oligonucleotides as short as 21 nucleotides [84] . Consistent with these observations, for in-house design of synthetic miRNA mimics, thorough validation should be performed to avoid non-specific effects on gene expression that could be a consequence of triggering the dsRNA interferon response. Moreover, overexpression of miRNA mimics can result in: (a) a substantial loading of the other small RNA of the RNA duplex (called the passenger strand) onto the AGO proteins [85] and; (b) partially saturate the miR-ISC with the overexpressed guide miRNA in a concentration dependent manner [86] . This can lead to variability between replicates [85] and unspecific gene deregulation [87] . It is therefore recommended to use decreasing amounts of miRNA mimics to limit these caveats. While overexpression of a miRNA facilitates the identification of functional sites, their overexpression may also force interactions with targets that are only modestly affected or non-existent in the natural context. Hence, inhibition of miRNA through antimiR oligonucleotides should be prioritized over miRNA mimics experiments.
3
0 UTR miRNA reporters A challenge for miRNA research is to determine whether a change in gene expression is indeed governed by a miRNA directly or to an indirect effect caused by deregulation of multiple genes. To overcome this problem, 3 0 UTR regions of putative miRNA targets are expressed downstream of a reporter gene, in cell lines or animal model systems and the reporter activity is measured to determine miRNA-mediated silencing. For instance, translational reporters (the most commonly used are luciferase and GFP gene constructs) are transiently expressed in cellulo to quantify the miRNA activity. To attribute specificity to the miRNA, a reporter in which the 3 0 UTR contains mutations in the seed region of a miRNA site is compared to a reporter with the 3 0 UTR native sequence. Generating point mutations in the miRNA site is considered a better approach than the deletion of the sequence, because length and secondary structure of a 3 0 UTR are determinants of mRNA stability. Likewise, antagomiRs, miRNA mimics or genetic mutants for a miRNA gene can further demonstrate that the reporter is sensitive to an increase or inhibition of a specific miRNA activity.
Genome editing approaches
With the advent of clustered regularly interspaced short palindromic repeats and CRISPR associated protein 9 (CRISPR-Cas9) technologies, geneticists and molecular biologists have developed an impressive arsenal of tools to study the function of genomic sequences [88] . These tools are used to generate knockouts, alter the genetic sequence or modulate the transcriptional output of genes. Genetically edited models, whether in cell lines or animal models, should be considered as a better strategy in order to elucidate the function of a gene of interest, here in particular, the miRNA. Furthermore, genetic engineering of a miRNA or a target sequence should have limited impact on stoichiometry of interaction between the miRISC and mRNA targets compared to the overexpression of miRNAs and reporter genes. For these reasons, gene editing of a miRNA or target site greatly strengthen the experimental validation of their functional interaction and biological outcome. For example, a miRNA gene can be edited through the ablation of the sequence encoding for the mature miRNA or precursor miRNA sequence (for example [89] [90] [91] ). Alternatively, non-homologous end joining in the seed sequence of the miRNA may also lead to its inactivation, through small insertion-deletions [92] . Deletion of a miRNA gene is an effective approach for those that are located in intergenic regions. miRNA genes that are located within an intronic or exonic region of a coding gene require more attention to preserve the integrity of the coding sequence and expression levels of the host gene. MiRNA sequences present in an exon should be edited through silent point mutations, in the seed region, relative to the open reading frame of the coding gene. Intronic miRNAs may be removed if their sequence is not required for proper pre-mRNA splicing, otherwise, point mutations in the seed region should be attempted. Following the alteration of a miRNA gene, its expression levels should be measured, and its inactivation should be validated by measuring the expression level of experimentally validated targets, or with a miRNA reporter gene. Last, editing of a miRNA target site should prioritize point mutations in the seed-paring region. Mutations that abolish base-pairing interaction of the seed region are generally sufficient to prevent miRNA association and silencing on experimentally validated mRNA targets (for example see [93, 94] ). Fig. 2 . Workflow for the experimental validation of miRNA targets. MiRNA target sites can be predicted based on canonical seed-match pairing, using a diversity of algorithms. As an alternative, or as a complement, AGO-CLIP followed by sequencing can identify miRNA-target interactions. Datasets from previous studies can be surveyed to find interactions in various cell lines, tissues and animal models. In addition, databases such as Tarbase and miRTarBase contain many experimentally validated miRNA-target interactions. For miRNA-target interactions that have not been thoroughly validated in your experimental settings, co-expression should be determined first. Next, to establish whether a miRNA exerts a silencing effect on a gene, antagomiR are used to inhibit its function and de-repression is quantitatively measured. (*) MiRNA overexpression experiments using miRNA mimics should be interpreted with caution because they may not be representative of the natural context. Last, miRNA-based reporter genes consolidate the contribution of specific miRNA site(s) for miRNA-mediated gene silencing. Gene editing of a miRNA or a miRNA binding site is a great alternative to the aforementioned methods, with regard to the endogenous setting.
Summary and Conclusion
Although it has been more than two decades since the discovery of miRNAs in metazoans, the field is growing exponentially because of an increased access to highthroughput sequencing technologies that facilitates the identification of miRNAs and their pattern of expression in various species and tissue samples. Data collection of miRNA-target interaction agrees with the postulation from in silico analysis: most of the protein-encoding genes in humans have sequences in their 3 0 UTR that associate with the miRISC. The propensity of this silencing complex to target sequences complementary to the seed region of a miRNA is an important, but not the sole factor, that contributes to specificity and silencing efficacy. For instance, accumulating evidences support the importance of 3 0 pairing of the miRNA to its target to discriminate between miRNA family members, which in turn, can have important physiological ramifications. Endogenous context of 3 0 UTRs and expression levels of miRNAs are crucial to maintain cell homeostasis through regulation of gene expression. Disruption of these mechanisms, which often occurs in pathological conditions, alter the natural context of miRNAmediated gene silencing. This guideline was built around this premise in order to provide a workflow (summarized in Fig. 2 ) that allows the characterization of miRNAmediated regulation and prioritizing methods that are less likely to disrupt the endogenous context. 
